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PARAMETERIZATIONS OF DEPOSITIONAL GROWTH OF CLOUD ICE IN A BULK

MICROPHYSICAL SCHEME

Scott A. Braun, Brad S. Ferrier, and Wei-Kuo Tao

Summary

The Goddard Cumulus Ensemble model and other models use a technique for simulating

clouds that includes three types of ice particles: very small cloud ice, larger snow crystals, and

more dense graupel or hail. The cloud ice particles are important because they produce the large

ice clouds that are blown off by thunderstorms at high levels in the atmosphere. These cloud ice

particles grow by the transfer of water vapor onto the particles when the relative humidity is very

high. As the ice particles grow larger, they eventually become snow. In previous versions of tile

cloud model, this growth process was inconectly represented because it did not depcnd on the

relative humidity of the air. Two corrections for this process are presented that provide the

needed relative humidity dependence. Computer simulations of thunderstorm lines shows a large

impact of the co_Tections.



ABSTRACF

The conversionof cloud ice to snow by depositionalgrowth, designatedPSFp in the

Goddard Cumulus Ensemble Model cloud physics parameterization is examined. The original

formulation of Psv_ is shown to produce excessive conversion of cloud ice to snow because of an

implicit assumption that the relative humidity is 100% with respect to water even though the air

may actually be quite less humid. Two possible corrections to this problem are proposed, the first

involving application of a relative humidity dependent correction factor to the original formulation

of Psw, and the second involving a new formulation of Psw based on the equation for depositional

growth of cloud ice.



1. Introduction

The Goddard Cumulus Ensemble model (GCE, Tao and Simpson 1993; Tao and Soong

1986; Tao et al. 1993, 1996) cloud microphysics scheme is patterned after the schemes of Hsie ct

al. (1980; hereafter lIFO) and Lin et al. (1983; hereafter LFO), but includes some modifications

for cloud ice based upon the parameterizations of Rutledge and Hobbs (1983; hereafter RH). The

parameterization includes three phases of ice: small cloud ice particles, larger snow crystals, and

more dense graupel or hail particles. The cloud ice particles are important because they contribute

significantly to the depth, width, and optical thickness of the anvil clouds generated by convection,

which can significantly impact the transfer of solar and terrestrial radiation in the troposphere. An

important process in the budget for cloud ice is the conversion of cloud ice to snow as the ice

crystals grow by vapor deposition in the presence of cloud water, usually referred to as the

Bergeron process and designated PsH (production of snow from ice) by LFO.

Examination of the conversion term reveals an inconsistency in the parameterization.

Krueger et al. (1995) pointed out the problem that PsH converts ice to snow even when there is

no cloud water. In fact, it converts ice to snow independent of the supersaturation with respect

to ice and, as a result, produces excessive conversion of ice to snow. Since the cloud ice is

assumed not to fall while snow does fall, Krueger et al. (1995) suggested that the excessive

conversion of ice to snow via PsFI acts as a crude parameterization of cloud ice fallout. This note

describes two alternative formulations of PsF_ that are dependent on the supersaturation with

respect to ice.

2. Numerical Model

The discussion will be supported wi{h numerical simulations of the 10-11 June 1985 PRE-

STORM _ squall line (Johnson and Hamilton 1988; Rutledge et al. 1988; Tao et al. 1993) using the

Preliminary Region Experiment for the Slormscale Operational and Research Meteorology Program (Cunning

1986).



two-dimensional version of the GCE model. The model equations are anelastic and the cloud

microphysics include a parameterized Kessler-type two category liquid, three-catego U ice (cloud

ice, snow, graupel/hail) scheme following LFO and Rutledge and Hobbs (1983). Further details

about the model can be found in Tao et al. (1993, 1996).

A stretched vertical grid with 33 grid points and grid spacings from 150 m at low levels to

1000 m near model top (19 "ka-n) was used in order to maximize resolution in the lowest levels of

the model. Tile horizontal grid consisted of 1026 grid points, the central 871 of which comprised

the fine-grid area with a constant 1-kin grid spacing. Outside of this region, the grid spacing was

horizontally slretched with a ratio of 1.05:1 between adjacent grid points. Open lateral boundary

conditions were used (Klemp and Wilhelmson 1978). A 5-kin deep Rayleigh relaxation

(absorbing) layer was used at the lop of the model. Forward time differencing and a positive-

definite advection scheme with a nonoscillatory option (Smolarkiewicz and Grabowski 1990) are

used for all scalar variables (potential temperature, vapor mixing ratio, and all hydrometeor

categories). A fourth-order accurate advection scheme and leapfrog time integration are used for the

velocity components. The calculations use a time step of 6 s.

The model basic state is derived fiom the 2330 l..rI'C 11 June 1985 sounding taken at Pratt,

Kansas. This sounding is characterized by convective available potential energy of 2300 J kg -_.

The wind profile has been modified at upper levels to reduce the shear magnitude (see Tao et al.

1993). Convection is initiated by applying a cooling rate of up to 36 K h-_ over an area 65-kin wide

and 2.4-kin deep for the first 600 s of the simulation.

Table 1 summarizes the simulations included in this study. Each case is designated by the

particular formulation of PSFI (of which there me three) that is used. For consistency with the

equations in Koenig (1971) and LFO and the coding of the numerical model, all equations and

variables are written in cgs units.



3. Alternative formulations and numerical tests

The basis for the parameterization of the Bergeron growth process in the ice

microphysics scheme is Koenig's (1971) equation for the depositional growth of ice crystals at

100% relative humidity with respect to water,

dill
a_

--- = aim -, (1)
dt

where m is the crystal mass in grams and a I and a: are temperature dependent parameters [see

]-'able 4 of Koenig (1971)]. HFO and LFO expressed the conversion of cloud ice to snow through

vapor deposition as

Psvl = q' , (2)
At1

where q: is the cloud ice mixing ratio and At_ is the time required for an ice particle to grow from

some initial size m o to some specified size considered representative of a small snow particle,

m. According to (1), At, can be written as

m

Atl=f l dm.... 1 f (1-""-m_>":)l,[m,-) (3)al '""+- .,(1 "2)

and PsF_ can be written as

a, (1 - cl: )q,

Psltl = [mit _,,++) _1-+,_+>]
t ' -- 1116

(4)



We will refer to (4) as the "original HFO" formulation of PSFI and designate it with the subscript

1.

Following from Koenig's (1971) formulation for a I and a_, PsFil depends only on

temperature and the specified ice crystal masses m 0 and m, values for which can be obtained

from HFO or from other mass-diameter relationships. As currently coded in the models, PSF_I is

independent of the supersaturation with respect to ice (i.e., 100% relative humidity with respect

to water is implicit) and overestimates the conversion rate for regions with relative humidities

less than 100% with respect to water. Furthermore, Psvn can be active even when tile relative

humidity is less than or equal to the ice saturation value.

A simple correction to the original HFO formulation of PsF_ is obtained by multiplying (4)

by an empirically derived relative humidity factor (Hindman and Johnson 1972; Reisner et al.

1998)

P_F. (_t_-q..) _.(1-.2)_t.
-=(q,,,- - .... q'>q"

(5)

where %, q_,, and q .... are the vapor mixing ratio, and the saturation vapor mixing ratios over ice

and water, respectively. Equation (5), which will be referred to as the "modified HFO"

formulation of Psvl and designated Psw2, is equivalent to Eq. (4) when the relative hurnidity is

100% but decreases to zero as q,. approaches the ice saturation value.

Another formulation of PsF_ can be derived fiom the ice depositional growth rate equation

of RH,
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dn__z: 4D--,(S, - 1) (6)
dt A" + B"

where D--,is the mean diameter of the ice crystals, S i = qv/q_, is the supersaturation with respect

to ice, and A" and B" are essentially temperature dependent parameters given below Eq. (AI6)

in RH. RH assumed hexagonal plate-like crystals and used the mass-diameter relationship

D = 51.5m 1/:, where m is the average crystal mass in gains and D, is the crystal diameter in

centimeters. Substituting nz for D, in (6) gives

d,,_ = 206.2(5',. - 1),,,'/'- (7)

d, (a"+

Equation (7) can be expressed in a fonn similar to (1) by setting al

a, = 0.5. Equation (4) then gives

= 206.2(S,- 1)/(A" + B") and

0.5alq, (s)

Equation (8) will be referred to as the RH formulation of PsF[ and will be designated PSFI3. In this

formulation, al is both temperature and relative humidiW dependent and approaches zero as the

vapor mixing ratio approaches the ice saturation value. Unlike (4)-(5), PSFI3 is consistent with the

cloud ice depositional growth rate (6) used in the GCE model. The values of ai in (8) can be

compared to the values from Koenig (1971) if we consider relative humidities with respect to

water of 100% (Fig. 1). Koenig's vatucs reach a maximum near 258 K and show large variations

with temperature because of assumptions of different particle habits for different temperature



reNmes. Note that variations with temperature in the ice crystal growth rate caused by these

variations in a_ are offset somewhat by similar variations with temperature of a, coefficient in

(1). The values of al from PsFI3 are also maximum near 258 K, but show a smoother and much

smaller variation with temperature because of the assumption of a single particle habit (a2 is

constant in this case).

Ice crystal masses from Rtt are substantially different from the masses used by HFO for

the same assumed size since RIt assumes hexagonal plates and HFO spherical particles. The

growth equation from Koenig was formulated using particle habits (shape factor 2 and density)

that varied as a function of temperature. Since spherical particles are no more valid for use at all

temperatures than hexagonal plates, but RH's growth equation is based on the latter particle

type, particle masses will be determined using Rtl's mass-diameter relationship for hexagonal

plates. HFO set m 0 and m to the masses corresponding to 40 micron and 50 micron radius

crystals. If we use the mass-diameter relationship of RH, then m0=2.4 l x 10 s g for a 40-micron

radius particle and m =3.76×10 -s g for a 50-micron particle. Kmeger et al. (1995) suggested that

100 microns was a more realistic radius for small snow crystals, which gives m=l.51xl0 v g

These values are about an order of magnitude smaller than the values from HFO.

Figure 2 shows magnitudes of PsFI based on the three formulations above: the original

HFO formulation, PsFt_ (4): the modified HFO formulation, PSFI2 (5); and the RH formulation,

PSFI3 (8111.The calculations assume m 0 and m corresponding to the masses of 40- and 100-micron

radius particles. The cloud ice mixing ratio is calculated assuming 40-micron sized particles in

-"The shape iactor is defined as the ratio between the maximum and minimum particle dimensior:s.



concentrations (nc) that vary with temperature following Fletcher (1962), qi = monc/P, where q,

is the cloud ice mixing ratio and p is the air density. Figure 2a clearly shows the temperature

dependence of the original HFO formulation and the lack of dependence upon relative humidity.

The rates remain the same even when the air is subsaturated with respect to ice. The rates

increase with decreasing temperature (increasing height) as a result of the increasing number

concentration of cloud ice specified by the Fletcher equation.

Figure 3 shows the snow and cloud ice distributions for case PSFI1 averaged over hours

5-6 of the simulation (using output saved every 10 rain). The snow field (Fig. 3a) shows an anvil

slightly wider than 150 kin, with large mixing ratios contained in the leading convective cells and

smaller, more horizontally uniform values in the trailing stratiforrn region. The cloud ice

distribution (Fig. 3b) is similarly characterized by large values within convective cells, but values

in the trailing stratiform region are quite small, a result that will be shown to be caused bv

excessive conversion of cloud ice to snow by Psw_.

When the empirically derived relative humidity COiTection is applied (Fig. 2b, Psv]2). the

conversion rates for a given temperature are forced to decrease from a maximum value at 100°o

relative humidity with respect to water to zero at the ice saturation value. The RH formulation

(Fig. 2c. PsF_3) produces a qualitatively similar distribution to the modified HFO formulation, but

the magnitudes are larger because, at these colder temperatures, the parameter al for PSFI3 is larger

than the Koenig value. Figure 2d shows the difference between the RH fommlation and the

original HFO tkmnulation (PsFII-PsFI3). For ice supersaturations exceeding 10%, the RH

fommlation produces larger growth rates while for small ice supersaturations (<10%,) and



subsaturatedconditions,the originalHFO formulationproduceslargergrowth rates,particularly

at colder temperatures.

The aboveresults imply that PsFnwill causeexcessivetransferof ice to snow in the

upperportion of cloudsthatexist in conditionsnearsaturationwith respectto ice.This result is

demonstratedclearlywith thenumericalresultsshownin Fig. 4, whichdepictthesnowandcloud

ice fieldsfor casePSFI3.The snow field (Fig. 4a) showssomewhatreducedmixingratios in the

convectiveregioncomparedto the caseusingPSFII(Fig. 3a)while the cloud ice field (Fig. 4b)

showssubstantiallygreatermixing ratioswithin mostof theanvil, includingthe trailingstratiform

region.In particular,Psw3leadsto a broadeningof the anvilcloud and an increasein cloud-top

heightof about2-4 kln. As in casePSFI1,casePSFI3results in relativehumiditiesnearthe ice

saturationvalueabove-8.5 kin. In casePSFI1,cloudicewas transferredto snow eventhough

depositionalgrowth wasnegligible,while in casePSFI3,no transferof ice to snow occurredso

that cloudtop remainedhighand iceaccumulatedin the anvil. If the accumulationof ice in the

anvilbecomesexcessive(asdeterminedby eitherobjectiveorsubjectivemeasures),then it canbe

controlled explicitly through inclusion of cloud ice fallout as opposed to havingPsw cause

excessivetransferof ice to snow andsubsequentfallout of the snow.Using the modified HFO

formulation (PsIq2, not shown) yields results similar to the RH formulation (Fig. 4). Apparently,

the difference in magnitude between PSFI2 and PsFI3 (Figs. 2b, c) produces only small changes to

the cloud ice fields since the relative humidity tends to be near tile ice saturation value.

A problem inherent in the dependence of PSFI on the assumed masses m and m 0

is that as the difference between m and m 0 becomes small, the conversion rate can become very



rapid and leadto excessivedepletionof cloud ice. If, on the other hand,the differenceis large,

thentheconversionratemaybecomeeffectivelynegligible.Figure5 showsthe sensitivity of the

different formulationsof PSFEin Eqs.(4, 5, 8) to the sizeof the largerthresholdparticlesize, i.e.,

the radius of particles with mass ms, with m being calculated from the mass-diameter

relationship of RH. The calculations assume 90% relative humidity with respect to water (120%

with respect to ice), air temperature of 243 K, and m o equal to the mass of a 40-micron radius

particle. Significant sensitivity to the radius of the larger particle is seen between 50 and 100

microns. Figure 5 suggests that using m equal to the mass of a 100-micron radius particle brings

the Psv[ terms into a range where they are less sensitive to small changes in m_.

Krueger et al. (1995) suggested that the excessive conversion of ice to snow caused by

PsFH acts like a crude fallout of cloud ice since ice is assumed not to fall while snow does. This

suggestion can be tested by including a small fall speed for cloud ice in the model. The

formulation of PsH assumes that the cloud ice particles are no larger than about 200 microns in

diameter. Terminal velocities calculated by Heymsfield (1972) suggest maximum fall speeds of

20-30 cm s -_ for particles with lengths of 200 microns. Because of the uncertainty in fall

velocities and their dependence on crystal habit, we simplify matters by using a constant fall

velocity of 20 cm s -I in the model. Figure 6 shows the snow and cloud ice fields for case

PSFI3VI, which includes cloud ice fallout. The 20 cm s-_ fall speed has only a small effect on the

snow and cloud ice distributions, the main effect being a lowering of the cloud top by at most t

km (cf. Figs. 4 and 6). Comparison of Fig. 6 to Fig. 3 also suggests that the excessive co,version

of ice to snow by PsHl is not equivaleHt to cloud ice fallout.



4. Conclusions

This note describes a potential problem associated with a parameterization of cloud ice

depositional growth that is used ill many fine-scale cloud models, including the Goddard Cumulus

Ensemble (GCE) model. The problem is associated with the rate at which cloud ice is transferred to

snow as a result of growth by vapor deposition, designated Psw- The formulation generally used in

the parameterization is independent of relative humidity, which causes ice to be converted to snow

even when the air is subsaturated with respect to ice. Two alternative formulations are presented.

The first alternative simply multiplies the original formula by an empirically derived relative-

humidity dependent factor so that PsFI diminishes as the relative humidity approaches the ice

saturation value. The second alternative formulation is derived directly from the equation for

depositional growth of cloud ice used in the model. This formulation causes Psw to diminish as the

relative humidity approaches the ice saturation value, but also ensures physical consistency with

the parameterization of depositional growth of cloud ice used in the model. The two alternative

forrnulations produce relatively similar results. Their main impacts include an increase of cloud-top

height and a substantial increase in the cloud ice mixing ratios, particularly at upper levels in the

cloud.
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Table 1.Summaryof thenumericalsimulations.

Name

PSFI1

PSFI2

PSFI3

PSFI3VI

PSFI

Formulation

Original HFO formulation of PSFI, PSFII

Modified HFO formulation of Psw Psn2

RH formulation of Psn, PsF,3

RH formulation with 20 cm s -I ice fall speed

13



FIGURECAPTIONS

Figure 1.Curvesofa_ asafunctionof temperature.Thesolid line showsthe valuesfrom Koenig

(1971) while thedashedline showsthe valuesfor the new formulationof PSFI>For the latter

values,a relativehumidityof 100%hasbeenassumedin orderto beconsistentwith Koenig.

Figure2. Magnitude(in unitsof 10-7g g--Is l) of thevariousformulationsof PSFI:a) the original

ttFO fommlation(Eq. 4), b) the modifiedHFO formulation(Eq. 5), andc) the RH formulation

(Eq. 8). Temperatureis shown alongthe verticalaxisof the plots as a proxy for height.The

abscissashows the relative humidity with respect to water. For these calculations, the

temperaturewas assumedto vary in the verticalaccordingto the 2330 UTC Pratt, Kansas,

sounding.Solid lines in (a-c) indicateconversionrates,thick dashedlinessupersaturationwith

respectto ice. (d) Differencebetween PsF_ and PsFi> with positive (negative) values indicated by

solid (dashed) lines.

Figure 3. Vertical cross sections of time-averaged (a) snow mixing ratio and (b) cloud ice mixing

ratio for case PSFI1. Cross sections were obtained by averaging fields from hours 5-6 using

output at 10-rain intervals. The contour intervals are 0.1 g kg J starting at 0.01 g kg 1 for snow

and 0.025 g kg -1 starting at 10 3 g kg -I for cloud ice.

Figure 4. Same as in Fig. 3, but for case PSFI3.
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Figure5. Sensitivityof Psvrto thethresholdradiusof snowcorrespondingto themassm

(4, 5, and 8).

in Eqs.

Figure 6. Same as in Fig. 4, but for case PSFI3VI, which includes a flail velocity for cloud ice.
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Figure " Ma£nitude (in units of l0 -7 o r,-i s-i)of the various formulations of PSFI:

(a) the original HFO formulation (Eq. 4), (b) the modified HFO forrnulatio]_ (Eq. 5),

and (c) the Rtt formulation (Eq. 8). Tcmperature is shown along the vertical axis of

the plots as a proxy for height. For these calculations, the temperature was assumed to

v_u-y in the vertical according to the 2330 UTC Pratt, Kansas, sounding. Solid lines in

(a-c) indicate conversion rates, thick dashed lines supersaturation with respect to ice

{.q,lq,_i).(d) Difference between PSFIi and PsFI3, with positive (negative) values !nell-

cared by solid (da,,,hecl) lines.
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